X-ray diffraction, transmission electron microscopy, and X-ray absorption spectroscopy were used for characterizing the role of nickel in the transformation of Green Rrust 2(SO 4 2À ) (GR2). GR2(SO 4 2À ) was synthesized from the solution of ferric and ferrous sulfate and that of sodium hydroxide. The suspension containing GR2(SO 4 2À ) with and without nickel was oxidized by passing oxygen gas into the aqueous solution, in which GR2(SO 4 2À ) was transformed into ferric oxyhydroxides. The pH and oxidation reduction potential (ORP) values of the aqueous solution were monitored during the transformation of GR2(SO 4 2À ). In addition, the concentrations of iron and nickel in the solution during the transformation of GR2(SO 4 2À ) were analyzed by using inductively coupled plasma atomic emission spectroscopy. The reaction conditions of the GR2(SO 4 2À ) suspension were found to be strongly influenced by the addition of nickel. The reaction product goethite, which was transformed from GR2(SO 4 2À ), also appeared to be stabilized by the addition of nickel. These results indicate that the species of the solid particles formed in the solution are controlled by the addition of foreign elements.
Introduction
The Fe(II)-Fe(III) hydroxyl salt formed as an intermediate compound between ferrous hydroxide and ferric oxyhydroxides during the oxidation of iron in an aqueous solution is more commonly known as Green Rust (GR). [1] [2] [3] The structure of GR is layered double hydroxides consisting of hydroxide sheets like brucite, [Fe(II) 1Àx Fe(III) x (OH) 2 ] xþ , positive charges due to the presence of ferrous and ferric cations, which alternate regularly with negatively charged interlayers composed of anions, and water molecules. The structure and chemical formula of GR depend on anions such as CO 3 2À , SO 4 2À , and Cl À that are involved in its formation. In general, GR is classified into two types-green rust one (GR1) and green rust two (GR2)-depending on the negatively charged interlayers and water molecules. 4) GR is found as the corrosion product of steel, 5) and the occurrence of the GRs in anaerobic soils and sediments has also been revealed in several works. 6, 7) However, since the definite presence of a GR compound has been observed, 8) a few types of structures containing different anions have been revealed recently. Typically, the chemical formula of iron hydroxysulfate GR (GR2(SO 4 2À )) is determined as Fe(II) 4 Fe(III) 2 (OH) 12 Á[SO 4 2À ,8H 2 O] with a primitive hexagonal cell that includes interlayers composed of two distinct planes of water molecules and sulfate ions. 9) There are several corrosion products of iron-based alloys and steel in an aqueous solution, such as goethite (-FeOOH) , akaganeite (-FeOOH), lepidocrocite (-FeOOH), and magnetite (Fe 3 O 4 ), which are iron oxyhydroxides and oxides with different structures. These corrosion products are formed by the oxidation and precipitation of ferrous ions dissolved by electrochemical reactions on steel. 10, 11) GR, which consists of ferrous and ferric ions, is thought to be formed in the middle of formation of these corrosion products. It has been found in the layer between the upper layer of the corrosion products and the metallic iron substrate. 12, 13) Therefore, GR is transformed into the iron oxyhydroxides and oxides through the dissolution and precipitation of the ferrous and ferric ions in an aqueous solution. The species and morphologies of these iron oxyhydroxides and oxides in the corrosion products may be determined by the environmental reaction conditions and the incorporation of foreign cations and anions. For example, the corrosion rate of weathering steel, which contains small amounts of alloying elements such as Cu, Cr, or Ni, is influenced by a corrosion product layer, which mainly comprises -FeOOH with a small particle size. 14) Such characteristic features of rusts formed on weathering steel are different from those formed on mild steel. The differences in the species and morphologies of the components of the iron corrosion products are considered to be attributed to the environmental reaction conditions and the incorporation of foreign cations and anions. 15, 16) Therefore, the influences of the reaction conditions on the formation of the iron oxyhydroxides and oxides from the GR in an aqueous solution are required to be clarified. We have investigated the formation conditions of the iron oxyhydroxides and oxides obtained from GR2(SO 4 2À ) by aerial oxidation. [17] [18] [19] The results indicate that the transformation of GR2(SO 4 2À ) into the iron oxyhydroxides and oxides is sensitive to oxidation conditions such as reaction temperature and oxidation rate. Furthermore, it is shown that the foreign elements influence the oxidation products that are transformed from GR2(SO 4 2À ). Nickel is one of the most important alloying elements in steel. As nickel is occasionally added to weathering steel, it is likely to affect the species of the corrosion products. Actually, the addition of nickel seems to influence the structure of rust formed on their surface and especially brings the formation of the protective rust layer in a Cl-rich environment. 20, 21) In addition, it has been reported that the unit cell dimensions of -FeOOH change slightly by the addition of nickel. 22) However, the role of nickel in the transformation of GR2(SO 4 2À ) into the iron oxyhydroxides and oxides in SO 4 2À -environment is unclear. The purpose of this work is to clarify the influence of the addition of nickel on the formation of the iron oxyhydroxides and oxides obtained from GR2(SO 4 2À ) in an aqueous solution with SO 4 2À and to discuss the role of nickel in the reaction and formation of the iron oxyhydroxides and oxides.
Experimental

Sample preparation
The following chemicals were used for preparing the samples used in the experiment: special reagent grade ferric sulfate n-hydrate (Fe 2 (SO 4 ) 3 ÁnH 2 O, where n ¼ 7:62 as determined by inductively coupled plasma atomic emission spectrometry (ICP-AES)), ferrous sulfate n-hydrate heptahydrate (FeSO 4 ÁnH 2 O, where n ¼ 6:32 as determined by the ICP-AES), and sodium hydroxide (NaOH) aqueous solution (8 mol dm À3 ). Iron hydroxysulfate green rust (GR2(SO 4 2À )) was synthesized by adding NaOH aqueous solution to an aqueous solution containing ferric sulfate (Fe 2 (SO 4 ) 3 ) and ferrous sulfate (FeSO 4 ). First, an iron sulfate solution was prepared; it contained ferric and ferrous ions and the overall [Fe(II)]/[Fe(III)] ratio was 3. Second, the iron sulfate solution was mixed with an aqueous solution containing NaOH in a reaction vessel under magnetic agitation with Ar gas bubbling. The temperature was maintained at 5 C. In all cases, Ar-bubbled waters were used. The aqueous solution of NaOH corresponded to a ratio of 1.5 between the hydroxyl ions and the total number of iron ions
At this stage, the precipitate of iron hydroxysulfate green rust, -Fe(II) 4Fe(III) 2(OH) 12 ÁSO 4 (GR2(SO 4 2À ))-, was formed. The suspension containing GR2(SO 4 2À ) was further bubbled for 1 h with Ar gas to remove the remnant oxygen and completely react the iron sulfate solution and NaOH aqueous solution to form GR2(SO 4 2À ). GR2(SO 4 2À ) was washed with Ar-bubbled water by centrifugation; then, it was diluted with Ar-bubbled water, which was used as the standard for GR2(SO 4 2À ) in this work. The above procedures were performed in a glove box to prevent the oxidation of GR2(SO 4 2À ). The stoichiometric ratio of GR(
; the superfluous ions in the suspension employed in the preparation of GR2(SO 4 2À ) were washed away by the centrifugation process, which was performed thrice.
The oxidizing process of GR2(SO 4 2À ) was reacted in the special reaction cell of our own making. This cell consists of a 500 mL glass beaker and an airtight glass lid with holes for pH and Pt electrodes, gas inlet/outlet ports, a stirrer port, and a sampling port. The GR2(SO 4 2À ) suspension, which had been conditioned with a prescribed concentration, was fed into the reaction cell. These operation prevented from the oxidation of GR2(SO 4 2À ). The suspension containing nickel was prepared by adding a 50 mL solution containing NiSO 4 into the GR2(SO 4 2À ) suspension; the concentration of the nickel ions in the total iron ions (Fe(II) + [Fe(III)]) was 2.5 mol% and 5.0 mol%. In both concentrations, the suspensions were oxidized in a water bath, whose temperature was maintained at 25 C. The GR2(SO 4 2À ) suspensions were oxidized for over 6 h by passing nitrogen gas containing 2.5 mol% oxygen at a flow rate of 200 mL min À1 . After a particular reaction time, the suspension was sampled and Ar gas was immediately injected into the suspensions in order to interrupt the oxidation reaction for carrying out the measurements. The suspensions were filtered by a 0.2 mm membrane filter in order to measure the concentration of the elements by the ICP-AES analyses after separated from the solid particles by centrifugation. The suspension was stored in air for one day and freeze-dried after the oxidation for up to 360 min to obtain the solid particles. The solid particles and suspensions obtained by oxidizing pure GR2(SO 4 2À ) were prepared for comparison purposes in a manner similar to that described above.
Measurements
The crystallographic structure of the freeze-dried final solid particles was analyzed by XRD measurements, which were performed with a Mo K radiation of 17.447 keV (50 kV, 30 mA) using Rigaku RINT-2200. The measurements of the X-ray absorption near-edge structure (XANES) at the Ni K absorption edge were performed by X-ray absorption spectroscopy (XAS) for characterizing the chemical state of the nickel in the solid particles. The apparatus was an in-house X-ray absorption spectrometer (Rigaku R-XAS Looper) equipped with a Ge(220) Johansson-type monochromator. The backgrounds of the XAS spectra were subtracted using the Rigaku REX2000. Because the Ni K absorption edge was close to the Fe K absorption edge and the amount of nickel contained in -FeOOH was low, an Al filter was used for reducing the influence of the Fe fluorescence X-ray emitted from the samples. The morphologies of the solid particles were observed by a transmission electron microscope (TEM, JEOL JEM-1200 EX II).
The concentrations of iron and nickel in the separated supernatant suspensions were analyzed using the ICP-AES equipment Perkin-Elmer Optima 3300 at 0, 30, 60, 120, 240, and 360 min. The TOA DKK IM-55G ion meter was used for monitoring the pH and ORP of the GR2(SO 4 2À ) suspensions as a function of the reaction time. Figure 1 shows the XRD patterns of the freeze-dried solid particles obtained from pure GR2(SO 4 2À ), GR2(SO 4 2À ) with 2.5 mol% nickel ions, and GR2(SO 4 2À ) with 5.0 mol% nickel ions in the total iron in an aqueous solution. The particles were oxidized by passing nitrogen gas containing 2.5% oxygen at 25 C for over 360 min. The reference lines for Fe 3 O 4 and -FeOOH provided in the JCPDS database are also shown in Fig. 1 . The diffraction peaks of these samples are assigned mostly to -FeOOH. Although most diffraction peaks of Fe 3 O 4 are overlapping with that of -FeOOH, the diffraction peak located at approximately 14 , which is assigned to Fe 3 O 4 , is detected in the XRD pattern of the particles obtained from pure GR2(SO 4 2À ). On the other hand, this peak is not detected in the GR2(SO 4 2À ) with 2.5 mol% nickel ions and the GR2(SO 4 2À ) with 5.0 mol% nickel ions. These results indicate that nickel enhances the for-mation of -FeOOH and appears to restrain the formation of
Results and Discussion
Characterizations of particles
The transmission electron micrographs of the above particles formed from pure GR2(SO 4 2À ), GR2(SO 4 2À ) with 2.5 mol% nickel ions, and GR2(SO 4 2À ) with 5.0 mol% nickel ions are shown in Figs. 2(a), (b) , and (c), respectively. Since it is known that the shape of pure -FeOOH particles is spindle-like and that of the Fe 3 O 4 particles is spherical, 15) these results are consistent with the X-ray diffraction results shown in Fig. 1 The shape of the -FeOOH particles obtained from the GR2(SO 4 2À ) with 5.0 mol% nickel appears to be more needle-like and shorter than that of the particles obtained from the GR2(SO 4 2À ) with 2.5 mol% nickel ions. The XANES spectra at the Ni K absorption edge of the particles obtained from the GR2(SO 4 2À ) suspension containing the nickel ions and that of NiO particles are shown in Fig. 3 . The results show that the nickel in the -FeOOH particles that contain nickel is chemically close to that in Ni(II)O, indicating that the nickel in the -FeOOH particles that contain nickel formed in the present experiment is divalent. It should be noted that divalent nickel ions are contained in the -FeOOH particles containing nickel, although -FeOOH consists of trivalent ferric ions. Therefore, the -FeOOH structure and morphology may be stabilized by the replacement of some nickel with iron, although the atomic-level structure of such -FeOOH particles should be studied further. Figures 4(a) and (b) show the variations in the ORP and pH, respectively, as a function of time during the oxidation of the GR2(SO 4 2À ) suspensions. The ORP and pH values increase and decrease, respectively, on increasing the amount of NiSO 4 in the solution. In general, the ORP increases and the pH value decreases with the oxidation of GR2(SO 4 2À ) because the ferrous ions are oxidized to ferric ions and protons are formed during the oxidation, as shown in Fig. 4(a) (case (i) ). However, it should be noted that after the increase in the ORP values just after the oxidation, the Table 1 . Since the value of [Ni] in the solution just before the oxidation was smaller than that of [Ni] added to the GR(SO 4 2À ) suspension, some amount of added nickel may have reacted with the suspension before the oxidation. On the other hand, the value of [Fe] in the solution just before the oxidation increased due to the addition of nickel. These results indicate that a part of the nickel ions may have been replaced with iron in GR(SO 4 2À ) before the oxidation. The initial changes in the concentration of iron and nickel before the oxidation, including the abrupt increase in the ORP just after the oxidation of the GR2(SO 4 2À ) suspension containing the nickel ions, may affect the transformation of the GR2(SO 4 2À ) suspension into the iron oxyhydroxides and oxides. It is considered that the -FeOOH particles were primarily nucleated and grown from iron dissolved from the GR2(SO 4 2À ) suspension under such conditions. However, the Fe 3 O 4 particles may have been formed in the pure GR2(SO 4 2À ) suspension, which was transformed under relatively low ORP and high pH conditions. Therefore, the addition of the nickel ions to the GR2(SO 4 2À ) suspension is considered to play an important role in the modification of the Energy, E / eV solution conditions, which enhances the formation ofFeOOH. The effect of nickel on the structure of iron oxyhydroxides and oxides should be further studied, although some models of the effect of nickel on the rust formed by chloride ions were proposed. 20, 21) 
Changes in aqueous solutions during formation of particles
Conclusions
The influence of the nickel ions on the formation of the ferric oxyhydroxides and iron oxides obtained from GR2(SO 4 2À ) in an aqueous solution has been investigated using different methods. The main conclusions are summarized as follows: (1) The formation of the -FeOOH particles is enhanced by the addition of the nickel ions. The TEM observations reveal that the morphology of the needle-like -FeOOH particles is enhanced by the addition of the nickel ions. The XANES spectra indicate that the nickel ions in the -FeOOH particles are divalent. ( 2) The addition of the nickel ions during the transformation of GR2(SO 4 2À ) appears to induce an increase in the ORP value and decrease in the pH values. The analyses of the iron and nickel in the suspension indicate that a part of the nickel ions is replaced with iron in the suspension. These results suggest that the nickel ions added to the GR2(SO 4 2À ) suspension may modify the solution conditions, which enhances the formation of -FeOOH. 
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